In this study, a wound dressing based on polyurethane (PU) blended with copper sulphate nanofibers was developed using an electrospinning technique. The prepared PU and PU nanocomposites showed smooth fibers without any bead defects. The prepared nanocomposites showed smaller fiber (663 ± 156.30 nm) and pore (888 ± 70.93 nm) diameter compared to the pristine PU (fiber diameter 1159 ± 147.48 nm and pore diameter 1087 ± 62.51 nm). The interaction of PU with copper sulphate was evident in the infrared spectrum through hydrogen-bond formation. Thermal analysis displayed enhanced weight residue at higher temperature suggesting interaction of PU with copper sulphate. The contact angle measurements revealed the hydrophilic nature of the prepared nanocomposites (71° ± 2.309°) compared with pure PU (100° ± 0.5774°). The addition of copper sulphate into the PU matrix increased the surface roughness, as revealed in the atomic force microscopy (AFM) analysis. Mechanical testing demonstrated the enhanced tensile strength behavior of the fabricated nanocomposites (18.58 MPa) compared with the pristine PU (7.12 MPa). The coagulation assays indicated the enhanced blood compatibility of the developed nanocomposites [activated partial thromboplastin time (APTT)-179 ± 3.606 s and partial thromboplastin time (PT)-105 ± 2.646 s] by showing a prolonged blood clotting time compared with the pristine PU (APTT-147.7 ± 3.512 s and PT-84.67 ± 2.517 s). Furthermore, the hemolysis and cytotoxicity studies suggested a less toxicity nature of prepared nanocomposites by displaying low hemolytic index and enhanced cell viability rates compared with the PU membrane. It was observed that the fabricated novel wound dressing possesses better physicochemical and enhanced blood compatibility properties, and may be utilized for wound-healing applications.
Introduction
Wound dressing plays an important role in managing certain types of open wounds, including traumatic, thermal, or chronic wounds. In wound-healing, microbial growth is a major factor which affect the rate of the healing and is influenced by the environment of wound beds (Unnithan et al. 2012a, b; Wright et al. 2002) . Furthermore, bacterial colonization caused by various substance like toxins, proteases, and pro-inflammatory molecules might cause a prolonged inflammatory response in the host tissue affecting the wound-healing process (Jones et al 2004; Leaper 2006) . Hence, if the skin is damaged, the main importance is immediate care to prevent the pathogen invading and trans-epidermal water loss for facilitating wound remodeling (Unnithan et al. 2012a, b) . The small pore sizes were able to reduce the bacterial growth by restricting bacterial cell division (Premuzic and Woodhead 1993) . Microbial growth was also reduced by loading any agent that had antimicrobial activity. Hence, the wound dressing should be fabricated with small pore size and an agent with antimicrobial activity. The ideal wound dressing must perform certain functions such as absorbing of the lost fluids and liquids from the wound zone, maintenance of a moist environment, and mimicry of the native tissue structure (Kamoun et al. 2017) . Furthermore, the ideal wound dressing must be non-allergenic, non-toxic, non-adherent, and non-stress inducing (Manikandan et al. 2017) .
Growth in the field of nanotechnology enables the fabrication of wound dressings in the form of nanofibers which possess desirable characteristics like architectural features mimicking the original structure of the natural extracellular matrix (ECM) (Unnithan et al. 2012a, b; Jayakumar et al. 2010) . Recently, nanofibers based on an electrospinning technique have gained wide attention in biomedical applications. Electrospinning is a versatile and cost-effective system which utilizes high applied voltage to generate fine nanofibers from the various polymers available on the market (Manikandan et al. 2017) . A wound dressing fabricated using nanofibers provides many advantages compared with a conventional wound dressing (Supaphol et al. 2012) . Rather et al. (2018) fabricated PCL-gelatin electrospun fibers loaded with cerium oxide for wound-healing applications. It was reported that the PCL-gelatin-loaded cerium oxide nanofibrous scaffold showed enhanced proliferation of 3T3-L1 cells and suggested it as a suitable candidate for the wound-healing applications. In another study, Chen et al. (2010) fabricated bioactive polyurethane wound dressing scaffold loaded with silver nanoparticles. In vivo studies reported that the nanofibrous membranes showed a better wound-healing rate than the commercial gauges and collagen sponge wound dressing. Similarly, Augustine et al. (2014) fabricated PCL scaffold loaded with zinc oxide nanoparticles. It was that the polyurethane loaded with zinc oxide nanoparticles showed enhanced fibroblast adhesion and concluded it as a potential candidate for wound dressing applications. Moreover, the ultimate aim in wound management is to provide a structure which should mimic the ECM to grow the host cells on the ECM. Nanofibers produced by the electrospinning technique have a huge surface area and microporous structure which could quickly allow the pathway for fibroblast adhesion and proliferation for new tissue regeneration (Bolgen et al. 2007; Hong 2007; Prabaharan et al. 2012) .
In this research, the wound dressing scaffold was fabricated using polyurethane polymer. PU is commonly used in wound dressing applications owing to its good barrier properties and oxygen permeability (Unnithan et al. 2012a, b; Lakshmi et al. 2010) . It is important that the wound dressing should possess antimicrobial agents. For that purpose, copper sulphate nanofibers were loaded into the PU matrix. Copper is well known for its antimicrobial activity and is also reported to be chemically stable and have low toxicity (Amna et al. 2014) . Moreover, copper is involved in several physiological and metabolic processes by facilitating the growth of endothelial cells, angiogenesis, and maintenance of extracellular skin proteins (Sen et al. 2002) . The objective of this study is to develop a novel wound dressing based on PU incorporated with copper sulphate nanofibers. The various physicochemical, blood compatible, and cytotoxic properties of the developed scaffold are determined.
Materials and methodology

Materials
Medical grade Tecoflex EG-80A polyurethane was purchased from Lubrizol and dimethylformamide (DMF) was obtained from Sigma-Aldrich, UK. Copper sulphate was supplied by Sigma-Aldrich, UK. The chemicals such as phosphate-buffered saline (PBS, Biotech Grade) and sodium chloride physiological saline (0.9% w/v) were obtained from Sigma-Aldrich, Malaysia. The APTT and PT reagents were obtained from Diagnostic Enterprises, India.
Solution preparation and the fabrication of the electrospun membranes
The homogeneous solution of PU with concentration of 9 wt% was made by dissolving a calculated amount of PU pellets in DMF and stirring overnight. Similarly, the solution of copper sulphate was prepared at a concentration of 9 wt% by adding a calculated amount of copper sulphate in the DMF and stirring for 2 h. Finally, the PU/copper sulphate solution was prepared at a volume ratio of 8:1 (v/v%). Then, the prepared homogeneous was loaded in a 10 ml glass syringe fitted into electrospinning apparatus. A voltage of 10 kV was used to fabricate the nanofibers at a flow rate of 0.2 ml/hr. The nanofibers were deposited on the collector drum which was placed 15 cm away from the needle. To remove the residual DMF present in the electrospun membranes, it was dried under vacuum for 24 h at room temperature.
Scaffold morphology
Scanning electron microscopy (SEM) was utilized to determine the scaffold morphology of the electrospun PU and PU/copper sulphate membranes. The electrospun PU and PU/copper sulphate membranes were sputtered with gold before attaining the SEM images. From the attained SEM image, the mean fiber and pore diameters were calculated using Image J.
Fourier transform infrared (FTIR) analysis
IR spectra of the PU and PU/copper sulphate membranes were obtained through FTIR. A small-size sample was placed on the recording surface, and the IR spectra of the electrospun membranes were recorded at a 600 and 4000 cm − 1 wavelength at a resolution of 4 cm − 1 with 32 scans per minute.
Contact angle measurement
The VCA Optima contact angle system mounted with a video cam was used to determine the water contact angles of the electrospun PU and PU/copper sulphate membranes. A small piece of a nanofibrous scaffold was placed on the surface and a droplet of distilled water was made to fall on the electrospun surface. Then, the water droplet image was captured using video cam and the mean contact angle was calculated using computer integrated software.
Thermogravimetric (TGA) analysis
To begin, a small piece of sample weighing 3 mg was placed on the aluminum pan of the TGA equipment at a nitrogen atmosphere. Then, the data were recorded by applying heat to the samples with temperature range from 30 to 1000 °C at rate of 10°C/min respectively.
Atomic force microscopy (AFM) analysis
AFM was used to determine the surface topography of the electrospun PU and PU/copper sulphate membranes. A small piece of sample was placed on the scanning surface and was scanned in 20 mcm × 20 mcm area. A 3D image with pixels of around 256 × 256 pixels was obtained using JPKSPM data processing software.
Mechanical testing
The uniaxial testing machine was used to determine the tensile strength of the electrospun PU and PU/copper sulphate membranes. The samples were cut into 4 cm × 1.5 cm pieces and fitted vertically on the tensile machine. Then, the test was carried out and the load deformation data were obtained at a strain rate of 5 mm/min with load unit of 500 N. Finally, from the machine constructed stress strain curves, the tensile strength of the electrospun scaffolds was calculated.
Blood compatibility assays
Activated partial thromboplastin test (APTT)
The measurement of APTT was performed to determine the interdiction of the intrinsic pathway for the developed membranes. To start the assay, the test samples were added to 50 mcL of platelet poor plasma (PPP) and incubated with 50 mcL of rabbit brain encephalin for 3 min at 37 °C followed by adding 50 mcL of calcium chloride (CaCl 2 ). Finally, the initiation of the blood clot was detected using a steel hook and stopwatch (Balaji et al. 2016 ).
Prothrombin test (PT)
The measurement of prothrombin time was performed for the electrospun membranes to determine the interdiction of extrinsic pathway of the fabricated membranes. To start the assay, the test samples were incubated with 50 mcL of PPP followed by adding 50 mcL of sodium chloride (NaCl)-thromboplastin (Factor III). Finally, the initiation of the blood clot was calculated using a steel hook and stopwatch (Balaji et al. 2016 ).
Hemolysis assay
The hemolysis assay was used to investigate the toxicity of red blood cells with the electrospun membranes. To start the assay, the test samples were soaked in 0.9% w/v of physiologic saline for 30 min at 37 °C. Then, the soaked samples were added to the mixture of citrated blood and diluted saline prepared at a ratio of 4:5 (v/v%) for 1 h at 37 °C. The samples were taken out and centrifuged at 3000 rpm for 15 min. Finally, the supernatant was pipetted and the OD was measured at 542 nm which denotes the release the hemoglobin. The hemolysis percentage was calculated as described in the previous work (Balaji et al. 2016) .
Cytocompatibility studies
HDF cells (Human Skin Fibroblast Cells 1184, ECACC, UK, primary cells obtained from the dermis of the skin) were cultured in Dulbecco's Modified Eagle's Medium (DMEM), supplemented with 10% Bovine serum and maintained at standard conditions (37 °C and 5% CO 2 .). The cultured medium was refreshed every 3 days. To begin the assay, the electrospun scaffolds were cut into round pieces and placed in 24-well plates. Prior to cell seeding, the electrospun membranes were sterilized with 75% alcohol for 3 h and then cleaned with PBS. Afterwards, HDF cells were seeded on an electrospun scaffold with a density of 10 × 10 3 cells/cm 2 and cultured for 3 days. The cell viability rates of the electrospun membranes were determined through 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2 H tetrazolium, inner salt (MTS) assay. For the MTS assay, the electrospun membranes with cells were extracted after 3 day culturing and further incubated with 20% MTS reagent for 4 h. Finally, the medium was extracted and the absorbance at 490 nm was recorded to determine the proliferation of the seeded HDF cells in the electrospun membranes.
Statistical analysis
All experiments were performed three times and an unpaired t test was used to find the statistical significance. The obtained experimental results are expressed as mean ± SD. In the case of qualitative experiments, an illustration of three images is shown. Figure 1a and b shows SEM micrographs of electrospun PU and PU/copper sulphate nanofiber mats. The morphology of the electrospun membranes showed the smooth fibers without any bead defects. It was observed that the PU/copper sulphate nanofibers had a decreased diameter compared to the pristine PU. The decrease in the fiber diameter might be due to the increase in the conductivity of the PU solution with the addition of copper sulphate. The fiber diameter of pristine PU was found to be 1159 ± 147.48 nm, while the PU/copper sulphate nanofibers showed a fiber diameter of 663 ± 156.30 nm [mean differences were significant compared with pure PU (p < 0.05)]. The corresponding fiber distribution curve is shown in Fig. 2a and b . Unnithan et al. (2012a, b) developed a wound dressing scaffold based on PU blended with dextran nanofibers. It was observed that the addition of dextran into the PU matrix reduced the fiber diameter, and exhibited enhanced fibroblast adhesion and proliferation compared to the pure PU. In our study, the developed nanocomposites showed reduced fiber size which can serve as a valid justification for enhanced fibroblast proliferation for the new tissue growth. In another study, Augustine et al. (2014) fabricated PCL scaffold loaded with zinc oxide nanoparticles for wound-healing applications. They reported a maximum reduced diameter of 1340 nm in case of PU/ZnO fibers which exhibited showed higher fibroblast adhesion than the pristine. Since, our fibers displayed significantly reduced mean fiber diameter of 663 ± 156.30 nm which was below than the reported values and it might be suitable for the wound-healing applications.
Results and discussion
The pore size of electrospun PU and PU/copper sulphate nanofibers mats was measured through Image J. It was observed that the pore size was reduced with addition of the copper sulphate into the PU. The electrospun PU showed a pore size of 1087 ± 62.51 nm, while the pristine PU/copper sulphate nanofibers showed a pore size of about 888 ± 70.93 nm [mean differences are significant compared Fig. 3a, b . It was suggested that the small pore sizes were able to reduce the bacterial growth by restricting bacterial cell division (Premuzic and Woodhead 1993) , and in our fabricated nanocomposites, the pore size was observed to be low which might also restrict the bacterial cell growth. The functional groups of prepared PU and PU/copper sulphate scaffolds are shown in Fig. 4 . In the spectra PU, a wide peak seen at 3328 cm − 1 was attributed to N-H stretching, while the peaks observed at 1596 and 1530 cm − 1 indicated the vibrations of NH group. The sharp peaks observed at 2938 and 2853 cm − 1 denoted the CH 2 stretching and their vibrations were observed at a peak of 1413 cm − 1 . The C=O stretching corresponded to the carboxylic groups seen at 1730 and 1702 cm − 1 , and the vibrations attributed to the alcohol group were seen at 1220 and 1105 cm − 1 (Kim et al. 2009; Li et al. 2014 ). In the spectra of PU/copper sulphate nanocomposites, it was observed that no new bands formed, but their intensity was increased owing to the formation of hydrogen bonds (Zhou et al. 2011; Pant et al. 2010) . The interaction of PU with copper sulphate was revealed by peak shifting of NH in pure PU from 3328 to 3314 cm − 1 in PU/copper sulphate nanofibrous mats; this demonstrated the existence of copper sulphate content in polyurethane matrix (Tijing et al. 2012) .
The surface wettability of the fibrous mats was measured through water contact angle measurements. The pristine PU nanofibrous mats showed a contact angle of 100° ± 0.5774 indicating their hydrophobic nature. The reason might be the presence of CH 2 groups in the PU matrix that leads to the hydrophobic properties. Meanwhile, the contact angle of the PU/copper sulphate nanofibrous mats was decreased to 71° ± 2.309 [mean differences were significant compared with pure PU (p < 0.05)] indicating hydrophilic behavior. The contact angle images of the electrospun membranes are indicated in Fig. 5 . The reason might be due to the presence of hydroxyl and carboxyl groups, which correlates with the FTIR studies. Unnithan et al. (2014) studied an electrospun scaffold based on PU incorporated with cellulose acetate and zein nanofibers for wound dressing. It was observed that the addition of cellulose acetate and zein into the PU matrix improved the hydrophilic nature of the electrospun scaffold, and showed enhanced fibroblast adhesion and proliferation. Hence, in our study, the addition of copper sulphate improved the wettability of the PU membrane, and this might lead to the enhanced fibroblast adhesion and proliferations for new tissue growth.
The typical tensile stress-strain curves of PU and PU/ copper sulphate nanofibrous mats are indicated in Fig. 6a , b. It was observed that the tensile strength of the PU mat was increased with the addition of the copper sulphate. The tensile strength for the pristine PU was found to be 7.12 MPa, while the electrospun PU/copper sulphate nanofibrous membrane exhibited tensile strength of about 18.58 MPa [mean differences were significant compared with pure PU (p < 0.05)]. It was observed there was a significant increase in the ultimate strength of the PU with blending the copper sulphate. Wong et al. (2008) reported that fibers with a small diameter might result in enhanced tensile strength. In our study, our developed nanocomposites had a smaller diameter compared to the pristine PU which might have favored the enhanced tensile strength. In another study, Unnithan et al. (2012a, b) fabricated polyurethane wound dressing scaffold added with emu oil nanofibers. The tensile strength of the composite scaffold was found to be increased with the addition of emu oil nanofibers. Furthermore, the observed strength was found to be around in the range of 7 MPa. Our tensile strength of the fabricated composites showed a better tensile strength than the reported values suggesting its superiority for the wound-healing applications.
The thermal properties of the electrospun PU and PU/ copper sulphate nanofibers are shown in Fig. 7a and b . In the case of electrospun PU/copper sulphate nanofibers, the initial onset degradation temperature was found at 202 °C, and in the case of the PU membrane, the initial onset degradation temperature was observed at 276 °C which indicating the reduced thermal stability of the fabricated nanocomposites.
The reason for low onset degradation temperature was due to moisture vaporization. Furthermore, at 1000 °C, the remaining weight percentage for pure PU membrane was observed to be 0.47%, while the electrospun PU/copper sulphate nanofibers showed a weight percentage of 11.26% which was higher compared to the PU, confirming its enhanced thermal stability. Moreover, the results of the derivative weight loss curve for the electrospun membranes are shown in Fig. 8a and b. There were two large weight loss peaks in the pure PU membrane in which the first major and second weight loss occurred at 223-348 and 348-446 °C, respectively. Furthermore, a third small peak occurred at 557-684 °C indicating a small level of weight loss. In the case of the electrospun PU/copper sulphate nanofibers, there were three weight loss points, from 180 to 266C, 266 to 334, and 334 to 468 °C, respectively. The first weight loss might be due to moisture vaporization. Furthermore, the intensity of the two large weight loss peaks was lower compared to pure PU indicating low weight loss in the PU/copper sulphate matrix. Balen et al. (2016) prepared polymethyl methacrylate (PMMA)/ ZnO nanocomposites for tissue engineering applications, and investigated the structural, thermal and cytotoxic properties. It was observed that the incorporation of ZnO influenced the thermal stability of the PMMA membrane and their observations correlate with our findings.
AFM was utilized to determine the surface roughness of electrospun nanofibers. From the measurement of surface roughness, it was observed that PU/copper sulphate nanofibers had highest surface roughness compared to the pristine PU. The measured surface roughness for the pristine PU was 216 nm and the electrospun PU/copper sulphate nanocomposites exhibited surface roughness of 262 nm [mean differences were significant compared with pure PU (p < 0.05)], as indicated in Fig. 9a , b. The incorporation of copper sulphate improved the surface roughness of the PU membrane. Ghorbani et al. (2015) prepared an electrospun nanocomposite based on polycaprolactone (PCL)/chitosan incorporated with zinc-doped hydroxyapatite nanoparticles (nZnHA). It was observed that the addition of hydroxyapatite nanoparticles into the PCL and chitosan matrix improved their surface roughness. In our study, the addition of copper oxide into PU matrix might have improved the surface roughness and correlates with their findings. In another study, Sharifi et al. (2016) surface modified polycaprolactone nanofibrous membrane and analyzed their fibroblast cell proliferation rate. It was observed that the surface modified PCL exhibited increased surface roughness. The observed the surface roughness of 10, 40, and 70 min plasma-modified PCL scaffolds were found to be 205, 225, and 243 nm. Furthermore, the scaffold with improved surface roughness favored the enhanced fibroblast cell proliferation rate. In our study, the surface roughness of our developed composites was observed to within these reported values and might be favorable for the enhanced fibroblast cell proliferation rate.
In this study, the coagulation assays, namely APTT and PT, were used to investigate the blood clotting time of the electrospun PU and PU/copper sulphate nanofibers The PT determined the extrinsic pathway, while the APTT determined the intrinsic pathway. It was observed that the prepared PU/copper sulphate nanocomposites showed prolonged blood clotting time compared to the pure PU membrane. The PU/copper sulphate scaffolds exhibited APTT of around 179 ± 3.606 s, while, for PU scaffold, the APTT was observed to be 147.7 ± 3.512 s, as depicted in Fig. 10 . Similarly, the PT for the PU/copper sulphate scaffolds was 105 ± 2.646 s, while, for the PU scaffold, it was 84.67 ± 2.517 s as indicated in Fig. 11 . The delay in APTT and PT times suggested that the prepared nanocomposite showed anticoagulant enhancement compared to the pristine PU. Next, the hemolytic assay was performed to determine the safety of the electrospun membranes with red blood cells. The hemolytic index of the electrospun PU/ copper sulphate membrane was observed to be lower than the pristine PU indicating its lower toxicity to red blood cells (RBCs). The hemolytic index of PU was found to be 2.56%, while the electrospun PU/copper sulphate nanofibers showed a hemolytic index of 1.68%, as indicated in Fig. 12 . It was reported that, if the hemolytic value was above 2%, the material was considered hemolytic and if the value was below 2%, then the material was non-hemolytic (Balaji et al. 2016 ). The measured value of hemolytic index for the fabricated nanocomposites was found to be below 2% and it was considered to be a non-hemolytic material. It was reported that the surfaces with increased roughness might be less thrombogenic than the smooth surfaces (Baily et al. 1999) . In another study, it was reported that the scaffolds with small diameters improved the blood compatibility by prolonging the blood clotting time (Vincent et al. 2012 ). In our study, the developed nanocomposites showed a smaller fiber diameter and increased surface roughness which would have promoted enhanced blood compatibility.
At the wound site, fibroblast cells are present to support the wound-healing process. It has been reported that fibroblasts are actively participating in producing the ECM and collagen for new tissue growth (Bainbridge 2013) . Hence, assessing the impact of the developed composite on fibroblast cell viability will promote this candidate for woundhealing application. To assess the toxicity of the electrospun scaffold to HDF cells, MTS assay was performed after 72 h cell culture. MTS is a commonly used method to analyze proliferation rates of the cultured cells. The tetrazolium salts present in the MTS reagent bind to the mitochondria of the cell, and reflect the cell viability with ease and in a more economic manner (Rai et al. 2018) . After 3 days, the cell viability of the electrospun PU membrane was 132 ± 3.606% and the electrospun PU/copper sulphate membranes showed cell viability of around 174 ± 3.464%, as depicted in Fig. 13 . It was reported that the hydrophilicity nature favors the enhanced adhesion and spreading of fibroblast cells (Wei et al. 2007 ). Our electrospun nanocomposites showed a hydrophilic nature which might have favored the enhanced cell viability. Augustine et al. (2014) reported that the fibroblast proliferation of the PCL/ZnO scaffold was found to be 120 ± 1.5% and our fabricated PU-incorporated copper sulphate scaffold exhibited proliferation rate of 174 ± 3.464% which is higher indicating its better plausibility for woundhealing applications. 
Conclusion
In the present study a PU wound dressing blended with copper sulphate nanofibers was made using an electrospinning technique. The prepared PU and PU nanocomposites showed smooth fibers without any bead defects. The prepared nanocomposites showed smaller fiber and pore diameter compared to pristine PU. The interaction of PU with copper oxide was evident in FTIR and TGA analysis identified by hydrogen-bond formation and enhanced weight residue. The contact angle measurements revealed the hydrophilic nature of the prepared nanocomposites compared with pure PU. The addition of copper sulphate into the PU matrix increased the surface roughness and mechanical strength, and revealed by AFM and mechanical testing. The coagulation assays indicated the enhanced blood compatibility of the developed nanocomposites by showing prolonged blood clotting time compared with pristine PU. Furthermore, the hemolysis and cytotoxicity studies suggested a less toxic nature of the prepared nanocomposites by displaying a low hemolytic index and enhanced cell viability compared with the PU membrane. It was observed that the fabricated novel wound dressing might possess better physicochemical and enhanced blood compatibility properties which may be utilized for wound-healing applications.
